Abstract Intracellular generation of reactive oxygen species (ROS) via thiol-mediated reduction of copper(II) to copper(I) has been assumed as the major mechanism underlying the anticancer activity of copper(II) complexes. The aim of this study was to compare the anticancer potential of copper(II) complexes of Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone; currently in phase II clinical trials) and its terminally dimethylated derivative with that of 2-formylpyridine thiosemicarbazone and that of 2,2 0 -bipyridyl-6-carbothioamide. Experiments on generation of oxidative stress and the influence of biologically relevant reductants (glutathione, ascorbic acid) on the anticancer activity of the copper complexes revealed that reductant-dependent redox cycling occurred mainly outside the cells, leading to generation and dismutation of superoxide radicals resulting in cytotoxic amounts of H 2 O 2 . However, without extracellular reductants only weak intracellular ROS generation was observed at IC 50 levels, suggesting that cellular thiols are not involved in coppercomplex-induced oxidative stress. Taken together, thiolinduced intracellular ROS generation might contribute to the anticancer activity of copper thiosemicarbazone complexes but is not the determining factor.
Introduction
Cancer cells are known to differ distinctly from healthy tissues in their redox metabolism [1] [2] [3] . Besides enhanced levels of intracellular reactive oxygen species (ROS), the specific milieu of the solid tumor is often characterized by high metabolic activity, hypoxia, and, in general, reductive conditions [1, 2] . Consequently, interference with the cellular redox homeostasis of cancer cells seems to be an attractive and promising approach for cancer therapy [4, 5] . Copper complexes are known for their redox-active properties under physiological conditions, which led to the synthesis and biological characterization of a number of coppercontaining anticancer drugs and radiopharmaceuticals [6] [7] [8] . Current knowledge of anticancer copper compounds is primarily based on investigations using complexes of a-N-heterocyclic thiosemicarbazones (TSC) [9, 10] , 2,2 0 -bipyridyl-6-carbothioamide (BPYTA) [11, 12] , and 1,10-phenanthroline [13, 14] . Thiosemicarbazones and BPYTA are well-known tridentate chelators and have been used for the synthesis of a wide range of metal complexes including, besides copper, also iron, cobalt, zinc, nickel, and gallium complexes [12, [15] [16] [17] [18] . BPYTA [12, 19] and thiosemicarbazones [17, 20] are known for their ribonucleotide reductase (RR) inhibitory potential. One of these, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine), has already reached clinical phase I/II evaluation, where it showed promising activity against advanced leukemia [21] [22] [23] [24] . With regard to copper complexes, Cu-BPYTA [11] and Cu-TSC [25] were also shown to inhibit the RR tyrosyl radical. Interestingly, co-incubation of copper(II) with Triapine significantly increased its RR inhibitory potential [26] . However, no copper complex of Triapine has been synthesized so far. In addition to the RR inhibition by Cu-TSC, generation of ROS is assumed to be a major mechanism of anticancer activity of many copper complexes in general [9, 25, [27] [28] [29] [30] [31] [32] [33] . Crucial for this redox reactivity is the presence of a reducing agent such as dithiothreitol, mercaptoethanol, or the biologically relevant glutathione (GSH), which leads to the reduction of copper(II) to copper(I) [9, 25, [27] [28] [29] [30] . The reoxidation of copper(I) with molecular oxygen results in the formation of superoxide radicals (O 2 Á-), which has been confirmed in cell-free systems by EPR spin-trapping experiments [30] . The observation of plasmid DNA cleavage provides further evidence that reaction of Cu-TSC complexes with reducing agents generates ROS [34, 35] . Consequently, it is currently widely suggested that these complexes exert their biological activity by intracellular ROS formation after reaction with cellular thiols such as GSH. In accordance, depletion of the intracellular thiol content was reported after treatment of Ehrlich ascites cells with a pyridoxal thiosemicarbazone copper complex [9] . The aim of this study was, on the one hand, to compare the electrochemical properties as well as anticancer activity of the first copper(II) complexes of Triapine and its terminally dimethylated derivative (3-aminopyridine-2-carboxaldehyde 4 N,
4
N-dimethylthiosemicarbazone, APTSC) with those of the already known complexes of 2-formylpyridine thiosemicarbazone (FTSC) and BPYTA. On the other hand, the study focuses on the similarities/differences in their interaction with biologically relevant antioxidants (GSH and ascorbic acid, AA) as well as the role of ROS formation in their anticancer activity against tumor cells.
Materials and methods
All solvents and reagents were obtained from commercial suppliers and used without further purification. FTSC, Triapine, and APTSCÁHCl were synthesized according to the methods described in our previous publication [18] . Elemental analyses were conducted with a Carlo Erba microanalyzer at the Microanalytical Laboratory of the University of Vienna and are within ±0.4%, confirming 95% or greater purity. Electrospray ionization mass spectrometry (ESI-MS) was performed with a Bruker Esquire 3000 instrument (Bruker Daltonic, Bremen, Germany). Expected and experimental isotope distributions were compared. UV-vis spectra were recorded with a PerkinElmer Lambda 650 UV-vis spectrophotometer using samples dissolved in methanol (900-200 nm). Thermogravimetric analysis and differential thermal analysis measurements were performed simultaneously using a Mettler Toledo TGA/SDTA851e apparatus, with a 3°C/min heating rate under an air atmosphere. For all cell-and molecular biological experiments, the compounds were dissolved in DMSO and diluted into the culture media (or buffer) at the concentrations indicated (DMSO concentrations were always below 0.1%).
Synthesis of metal complexes
The compound was synthesized following a slightly modified published procedure [36] . FTSC (300 mg, 1.66 mmol) was slowly added to a mixture of copper(II)chloride dihydrate (284 mg, 1.66 mmol) and concentrated HCl (278 lL) in methanol (20 mL) at 50°C. Subsequently, the mixture was stirred for 1 h at room temperature. The green precipitate was filtered off, washed with methanol and diethyl ether, and dried in vacuo. Yield: 380 mg (73% 
Triapine (150 mg, 0.77 mmol) dissolved in hot methanol (40 mL) was slowly added to a mixture of copper(II)chloride dihydrate (132 mg, 0.77 mmol) and concentrated HCl (130 lL) in methanol (15 mL) at 60°C [37] . Subsequently, the mixture was stirred for 1.5 h at room temperature. The green precipitate was filtered off, washed with methanol and diethyl ether, and dried in vacuo. Yield: 181 mg (68% 
Acetato(3-aminopyridine-2-carboxaldehyde thiosemicarbazonato-N,N,S)copper(II) Triapine (100 mg, 0.51 mmol) dissolved in hot methanol (25 mL) was slowly added to copper(II)acetate monohydrate (104 mg, 0.52 mmol) in methanol (10 mL) at 50°C. Subsequently, the mixture was stirred for 2 h at room temperature. The brown precipitate was filtered off, washed with methanol and diethyl ether, and dried in vacuo. Yield: 125 mg (77%). Anal. Calcd. for C 9 
The compound was synthesized following a published procedure [19] . Anal. Calcd. for C 11 
Electrochemistry
Cyclic voltammograms were measured in a three-electrode cell using a 2.0-mm-diameter glassy carbon working electrode, a platinum auxiliary electrode, and an Ag|AgCl reference electrode containing 3 M NaCl. Measurements were performed at room temperature using an EG & G PARC 273A potentiostat/galvanostat. Deaeration of solutions was accomplished by passing a stream of argon through the solution for 5 min prior to the measurement and then maintaining a blanket atmosphere of argon over the solution during the measurement. The potentials were measured in DMF/phosphate-buffered saline (PBS) pH 7. Crystallographic structure determination X-ray diffraction measurements were performed with a Bruker X8 APEXII CCD diffractometer. A twin crystal was positioned at 35 mm from the detector, and 1,033 frames were measured, each for 70 s over 1°scan width. The orientation matrices for two components in the crystal were found by using CELL NOW and were verified by RLATT [38] . The two-component integration was performed using SAINT-Plus [39] . The data were processed using TWINABS [40] . Structure solution and initial refinement were performed in the usual way by direct methods using the HKLF 4 format file. Final refinement including twin fractions (BASF) was accomplished using the HKLF 5 format file. Crystal data, data collection parameters, and structure refinement details are given in Table S1 . Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were inserted in calculated positions and refined with a riding model. Structure solution was achieved with SHELXS-97, refinement was achieved with SHELXL-97 [41] , and graphics were produced with ORTEP-3 [42] . Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre (CCDC) with number CCDC-810211. Copies of the data can be obtained free of charge from the CCDC (12 Union Road, Cambridge CB2 1EZ, UK; e-mail: deposit@ccdc.com.ac.uk).
EPR spectroscopy
The copper(II) complexes (1 mM) were dissolved in DMSO/DMF (1:3 v/v) and transferred in an EPR quartz tube (outer diameter 4 mm). Oxygen was removed by passing a stream of argon through the solution for 30 min. Subsequently, the samples were frozen in liquid nitrogen and transferred into a quartz finger dewar for EPR analysis at -196°C. EPR spectra of the complexes were recorded with a Bruker EMX instrument and a TE102 cavity using the following instrument settings: 9.4-GHz microwave frequency, 5-mW microwave power, 3,134-G center field, 1,080-G sweep, 2-G modulation amplitude, 100-kHz modulation frequency, 1 9 10 5 receiver gain, 96 G/min scan rate, 0.327-s time constant, and three scans.
Spectral simulations of the copper complexes were performed using the program EasySpin [43] . A coupling of two nonequivalent 14 N nuclei with the copper metal center (electron spin of ) was assumed. Simulations were performed using the Esfit module and the Pepper function of EasySpin. Stepwise g factors, coupling constants, and line widths were optimized using genetic/simplex algorithms, and baseline distortions were corrected by the lsq2 parameter.
Cell culture
The following human cell lines were used in this study: the colon carcinoma cell line SW480, the promyelocytic leukemia cell line HL60, the ovarian carcinoma cell line A2780, and its cisplatin-resistant subline A2780cis. SW480 and HL60 were purchased from American Type Culture Collection (Manassas, VA, USA), and the A2780 lines were obtained from Sigma-Aldrich. All cells were grown in RPMI-1640 supplemented with 10% fetal bovine serum, with the exception of SW480 cells, which were cultivated in minimal essential medium with 10% fetal bovine serum. Cultures were regularly checked for Mycoplasma contamination.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays
To determine cell viability, cells were plated (2 9 10 3 cells in 100 ll per well) in 96-well plates and allowed to recover for 24 h. Drugs were added in another 100 ll growth medium and cells were exposed for the time periods indicated. For N-acetylcysteine (NAC) and AA experiments, cells were preincubated with 50 ll NAC solution (1 and 2 mM in growth medium) for 30 min. Then, drugs were added in another 50 ll. For washout experiments, NACcontaining medium was replaced with fresh (drug-free) culture medium after the preincubation before Cu-TSC treatment. After 72 h drug treatment, the proportion of viable cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay following the manufacturer's recommendations (EZ4U, Biomedica, Vienna, Austria).
Hoechst 33258/propidium iodide staining
To determine early and late apoptosis as well as necrosis, Hoechst 33258 and propidium iodide (PI) (both from Sigma) were added directly to the culture medium of SW480 cells to final concentrations of 5 and 2 mg/mL, respectively, after 24 h drug incubation. After an incubation period of 1 h at 37°C, the cells were examined with a Zeiss Axiovert 35 fluorescence microscope with 4 0 ,6-diamidino-2-phenylindole filters. Cells were photographed on Kodak Ektachrome P1600 film (Eastman Kodak, Rochester, NY, USA). Viable cells, apoptotic cells, and necrotic cells were counted. The Hoechst dye stains the nuclei of live and dead cells; therefore, nuclear changes associated with apoptosis, such as chromatin condensation and nuclear fragmentation, can be monitored [44] . On the other hand, PI is excluded from viable and early apoptotic cells. Consequently, PI uptake indicates the loss of membrane integrity characteristic of necrotic and late apoptotic cells. In combination with fluorescence microscopy, selective uptake of the two dyes allows to monitor the induction of apoptosis in intact cultures and to distinguish it from nonapoptotic cell death (necrosis). Necrosis is characterized in this system by nuclear PI uptake without chromatin condensation or nuclear fragmentation. Duplicate slides were prepared for each cell type/treatment group and more than 500 cells were counted for each sample.
Measurement of intracellular oxidants 2
0 ,7 0 -Dichlorofluorescein diacetate (DCF-DA) was used to detect the production of ROS [45] . DCF-DA stock solutions (33.4 mM) in DMSO were stored at -20°C. HL60 cells (2.5 9 10 5 cells per sample in phenol-free Hanks balanced salt solution) were incubated with DCF-DA for 30 min. Subsequently, the copper complexes were added in the indicated concentrations. After incubation for another 30 min, the mean fluorescence intensity was measured by flow cytometry using an FACSCalibur instrument (Becton Dickinson, Palo Alto, CA, USA). A concentration of 200 lM H 2 O 2 was used as the control. The resulting histograms were quantified using ModeFit (BD). In the case of experiments with NAC and AA, the reducing agents were added to the samples 15 min prior to addition of the copper complexes.
Generation of superoxide radicals
To examine the cell-free production of superoxide radicals, the reduction of nitroblue tetrazolium (NBT) was analyzed. Briefly, 0.6 mM NBT was incubated with 25 lM copper complexes with or without 2 mM NAC or 50 lM AA. The experiments were performed in 0.1 M PBS (pH 7.8). The extent of NBT reduction was determined spectrophotometrically by measuring the absorbance at 560 nm after 10 min of incubation.
Determination of superoxide dismutase activity by xanthine oxidase assay Superoxide dismutase (SOD) activity of the complexes was investigated by using their ability to inhibit the reduction of NBT by xanthine/xanthine oxidase generated superoxide radicals [46] . The reaction system contained 0.2 mM xanthine, 0.6 mM NBT, increasing concentrations of the copper compounds, and 70 mU/mL xanthine oxidase to start the reaction in 0.1 M PBS at pH 7.8. The extent of NBT reduction was followed spectrophotometrically by measuring the absorbance at 560 nm. Each experiment was performed in duplicate, and the SOD activity was defined as the concentration of the copper complex tested necessary to inhibit 50% of the NBT reduction (IC 50 value) caused by superoxide.
Quantification of H 2 O 2 production
To measure cell-free production of H 2 O 2 , the PerOXOquant assay (Pierce, Rockford, IL, USA) was used according to the manufacturer's recommendations. The detection of peroxides by this assay is based on oxidation of ferrous to ferric ions in the presence of xylenol orange at acidic pH. The Fe 3? ions are coordinated by xylenol orange, yielding a purple product with an absorbance maximum at 560 nm. Peroxide levels in test samples were determined using H 2 O 2 standards.
Results and discussion

Synthesis and characterization
Triapine and APTSC were synthesized in a three-step procedure according to methods described in the literature [18] . FTSC was synthesized by condensation of 2-formylpyridine and thiosemicarbazide in boiling EtOH/H 2 O.
Owing to the generally low aqueous solubility of 1:2 complexes of the type [Cu(L) 2 ] (where L is a monodeprotonated TSC) and their tendency to partially dissociate into the corresponding 1:1 complexes [10] , all copper(II) complexes were synthesized in a 1:1 metal-to-ligand ratio ( ? species (HL is Triapine) in a wide pH range [47] . In the solid state the square-planar molecules are linked via ? Cl -fragment is omitted). Selected bond distances (Å ) and angles (°): Cu-Cl, 2.2493(5); Cu-S, 2.281(3); Cu-N2, 1.937(9); Cu-N1, 2.031(8); S1-C7, 1.723(10); C7-N3, 1.311(13); N3-N2, 1.383(11); N2-C6, 1.317(13); N1-Cu-S, 164.5(2); N2-Cu-Cl, 176.9(3); N1-Cu-N2, 81.1(3); N2-Cu-S, 83.6 (3) intermolecular Cu-S bonds [2.986(4) Å ], forming a chain structure (see Fig. S1 ).
EPR spectroscopy
The EPR spectra of the five copper(II) complexes in DMSO/DMF solutions (1:3 v/v) at -196°C show the typical four hyperfine lines due to the d 9 configuration (S = ) and a nuclear spin I = 3/2 of the main isotopes 63 Cu and 65 Cu as well as a superhyperfine splitting of the high-field lines due to the interaction of copper with the 14 N nuclei (I = 1) (Fig. 3, S2-S5 ). All complexes show g || and g \ parameters typical of axial symmetry (see ''Synthesis of metal complexes''), and g || [ g \ [ 2.0023 is consistent with a d x 2 Ày 2 ground state in a square-planar or square-pyramidal geometry [48] . The spectra were simulated using EasySpin [43] assuming the coupling of two nonequivalent 14 N nuclei with the copper(II) center and are in good agreement with the experimental data (Fig. 3 , S2-S5). Except for the superhyperfine coupling, in the EPR spectra of the copper(II) complexes only small changes could be observed, which is obvious considering the existence of the NNS coordination pattern in all compounds. ? is also supported by the spectra of the already square-planar complex Cu(OAc)-Triapine, which distinctly differs upon changing the solvent from DMSO/ DMF to DMSO/PBS (Fig. S6) .
Cyclic voltammetry
The electrochemical properties of the five copper(II) complexes were investigated by cyclic voltammetry in DMF/PBS pH 7. [51] determined in pure aqueous solutions at pH 7.0 difficult. Nevertheless, the redox potentials of the thiosemicarbazone complexes investigated suggest that AA is not able to reduce them, whereas the redox potentials of NAC and GSH are in the same potential range as the copper(II) to copper(I) reduction.
Anticancer activity and intracellular ROS generation
The antiproliferative activity of the five copper complexes was compared in MTT viability assays using SW480 colon cancer and leukemic HL60 cells. In general, both cell lines displayed widely similar sensitivity to the test compounds, with IC 50 values in the low micromolar range ( Table 2) . The most active compound in our test panel was Cu-Triapine, with an IC 50 value of approximately 1.2 lM, 2400 2600 2800 3000 3200 3400 3600 3800
Magnetic field (G) (Table 2 ). All copper(II) complexes were found to be slightly less effective than the respective metal-free ligands, with exception of Cu-FTSC, where in SW480 cells an about threefold increased activity compared with metal-free FTSC was observed. However, in HL60 cells these two compounds were comparably active. These results are in accordance with the observations described in previous publications, where complexation of FTSC and copper(II) was reported to result in increasing or decreasing activity depending on the cell type investigated [15, 52, 53] . To investigate whether the reduction in cell viability observed by the MTT assays is based on cytostatic or cytotoxic effects, Hoechst 33258/PI stainings were performed [44] . As shown in Fig. 4 , the apoptosis-inducing potential of the copper complexes strongly differed. In the case of Cu-Triapine, virtually no increase in the number of apoptotic cells was observed, indicating that this compound acts solely as a cytostatic agent. In contrast, apoptosis induction by Cu-FTSC correlated with the results obtained in MTT assay (at IC 50 levels, 45.2% of the cells were apoptotic), identifying this compound as mainly a cytotoxic drug. In the case of Cu-APTSC and Cu-BPYTA, no induction of apoptosis was found at IC 50 levels. However, at higher drug concentrations a profound increase in the number of apoptotic cells up to 100% was detected. Thus, these drugs have both cytostatic and cytotoxic properties.
The generation of ROS is assumed to be one of the main mechanisms underlying the anticancer activity of copper(II) complexes [31] [32] [33] . To evaluate the impact of the copper complexes on the intracellular levels of ROS, the cell-permeable, fluorescent dye DCF-DA was used. An enzymatic hydrolysis by intracellular esterases is necessary to gain the ROS-detecting DCF-H. This assay is frequently applied for the detection of intracellular H 2 O 2 and ROS such as OH Á and ROO Á [45] . Figure 5 shows the induction of ROS after treatment with increasing concentrations of the copper complexes. In accordance with previous reports [9, 25] , treatment with Cu-FTSC and Cu-BPYTA led to a significant (in the case of Cu-FTSC dose-dependent) increase of DCF-DA fluorescence (up to approximately fivefold after treatment with 50 lM Cu-FTSC and approximately fourfold after treatment with 25 and 50 lM Cu-BPYTA). In contrast, Cu-Triapine and Cu-APTSC only slightly enhanced intracellular ROS levels (about 1.25-fold). Unexpectedly, treatment with 50 lM Cu-APTSC even strongly decreased the DCF-DA fluorescence by 0.2-fold. None of the metal-free ligands displayed any significant effect on DCF-DA fluorescence (data not shown). In general, the ROS generation data are in good agreement with the apoptosis-inducing potential of the test compounds, indicating that (in agreement with the literature) the apoptosis induction at higher drug concentrations is mainly based on intracellular ROS. However, it has to be noted that at IC 50 levels (5 lM) the increase in intracellular ROS levels induced by all the copper complexes is rather low, with Cu-BPYTA displaying the strongest effect (twofold increase). Together with the lack of enhanced anticancer activity of the copper complexes in comparison with their metal-free ligands observed in MTT assay, the data question the relevance of intracellular ROS generation for the anticancer activity of copper thiosemicarbazone complexes in general and especially for Cu-APTSC and Cu-Triapine. Notably, preliminary uptake experiments of the copper complexes using inductively coupled plasma mass spectrometry indicate that the lack of intracellular ROS generation is not based on insufficient cellular drug uptake. Even distinctly higher cellular copper levels were detected in the case of Cu-APTSC and Cu-FTSC as compared with equimolar concentrations of CuSO 4 (data not shown).
Impact of reductants on the anticancer activity of the copper complexes
It is well established that reduction of copper complexes (e.g., by thiols such as GSH) leads to redox cycling and generation of ROS [9, 25, [27] [28] [29] [30] . Thus, the effect of co-incubation with the GSH precursor NAC on the substance panel was investigated. As expected, drastically enhanced anticancer activity of all copper complexes in SW480 cells (Fig. 6 , left panel) and HL60 cells (Fig. S7 , left panel) was observed in the presence of NAC (1.0 and 2.0 mM). Notably, in the case of Cu-APTSC, addition of NAC had the weakest effect on the activity. In contrast to the NAC experiments, co-incubation with the antioxidant AA (25 and 50 lM) only weakly enhanced the activity of Cu-BPYTA, whereas it had no significant effects on Cu-FTSC and Cu-APTSC (Fig. 6, S7 , right panel). In the case of Cu-Triapine, cotreatment with 50 lM AA even slightly decreased the anticancer activity 1.4-fold. These observations are in good agreement with the reduction potential of the copper(II) complexes obtained by cyclic voltammetry (see Table 1 ), with the highest redox potential for Cu-BPYTA and the lowest for Cu-APTSC.
To evaluate whether these changes in anticancer activity are based on enhanced intracellular ROS levels, DCF-DA stainings were performed after cotreatment with NAC or AA. Figures 7 and S8 show that combination of the copper complexes with 2 mM NAC induced a strong increase of the intracellular ROS levels. In experiments using 25 lM copper complexes (Fig. 7) , the strongest effects were observed with Cu-FTSC (eightfold increase) and the weakest effects were observed with Cu-APTSC (fivefold increase). At lower drug concentrations (5 lM), similar effects, however to a lesser extent, were found (Fig. S8) . In contrast to the results of the 72-h viability assays (where no or only a minor influence of AA was observed), co-incubation with 50 lM AA significantly enhanced intracellular ROS levels after treatment with the copper complexes, however, in general, to a weaker extent than co-incubation with NAC. The strongest effects of AA on intracellular ROS levels were observed in the case of Cu-FTSC and Cu-BPYTA (fivefold increase).
To test whether cells with increased amounts of GSH are more susceptible to copper compounds, the ovarian cancer cell model A2780 and its cisplatin-resistant subline A2780cis containing higher intracellular GSH levels [54] were used. In general, parental A2780 cells displayed drug sensitivity (Table 3 ) very similar to the HL60 cells (see Table 2 ). On the basis of the higher GSH levels in A2780cis cells, enhanced thiol-induced ROS generation leading to increased activity of the copper(II) complexes was expected. In contrast, A2780cis cells were significantly resistant (up to 22-fold in the case of Cu-Triapine) to all the copper complexes tested.
To gain more insight into the impact of the intracellular GSH levels on the anticancer activity and ROS-inducing capability of the copper compounds tested, the intracellular GSH pools of SW480 cells were boosted by preloading with NAC, which is then quickly metabolized to GSH inside the cell. After 30 min preincubation, remaining extracellular NAC was removed and the copper compounds were added to the cells in fresh culture medium. As shown in Fig. 8a , in contrast to the drastic increase in cytotoxic/cytostatic activity caused by NAC co-incubation observed in previous experiments (Fig. 6) , enhanced intracellular GSH pools did not increase the activity of the copper complexes tested. Notably, in case of Cu-Triapine, NAC preloading even had protective effects (twofold and fourfold increase in the IC 50 value caused by preincubation with 1 and 2 mM NAC, respectively). In accordance, no enhanced ROS generation was detected in NAC-preloaded cells (after washout) via DCF-DA stainings (Fig. 8b, right panel) . This indicates conditions, H 2 O 2 levels were determined using the xylenol orange-based PerOXOquant assay. Figure 9 shows that without addition of reductants, no H 2 O 2 production by the copper complexes was detectable. Co-incubation with 2 mM NAC distinctly induced H 2 O 2 formation in the case of all four copper complexes (50 lM). For Cu-APTSC and Cu-BPYTA, 2-3 equiv of H 2 O 2 per copper complex molecule was produced, whereas Cu-Triapine and Cu-FTSC were less effective, inducing production of only 1 equiv of H 2 O 2 . Thus, redox cycling was only observed in the case of Cu-APTSC and Cu-BPYTA. Notably, also after AA cotreatment, minor levels of H 2 O 2 were detected. Overall, the results obtained in these cell-free settings are in good agreement with the findings of the intracellular DCF-DA staining experiments (see Fig. 7 ). To prove that H 2 O 2 is the ROS responsible for the DCF-DA fluorescence reported in Fig. 7 , the respective experiments were repeated in the presence of the H 2 O 2 -metabolizing enzyme catalase (Figs. 10a, S9 ). In the case of all four copper complexes, addition of extracellular catalase significantly reduced intracellular NAC-induced ROS levels. Application of SOD together with catalase further reduced ROS levels, especially in the case of Cu-FTSC and Cu-APTSC, suggesting that the extracellular H 2 O 2 formation is O 2 Á--dependent (Fig. S9) . The protective effects of catalase against the NAC-induced ROS formation were further confirmed for Cu-Triapine using MTT assays (Fig. 10b) .
For several copper compounds (including CuSO 4 ), SOD-like activity has been reported [55] . As this ability is probably the underlying mechanism of H 2 O 2 formation shown in Fig. 9 , the superoxide radical dismutation ability of our complex panel was measured using the xanthine/ xanthine oxidase assay (Table 4) . In these experiments, the xanthine/xanthine oxidase system was used to generate superoxide radicals, which in turn led to the reduction of NBT, resulting in blue staining. In accordance with already published data [46] , the IC 50 value for the SOD-like activity of CuSO 4 was found to be approximately 20 lM. Also Cu-FTSC and Cu-BPYTA had potent activity, with IC 50 values of 45 and 6 lM, respectively. In the case of Cu-Triapine, only a weak SOD-like activity with an IC 50 value of 98 lM was detected. Up to 100 lM, Cu-APTSC had no effect on the detected O 2 Á-levels. These effects are in strong correlation with the redox potential (see Table 1 ), indicating that the redox potential is important for the SOD-like activity of copper compounds. This is in good agreement with a study on copper 1,10-phenanthroline complexes, which also concluded that there is a direct correlation between the redox potential and SOD-like activity within the phenanthroline compounds studied [56] . With respect to the thiol-induced redox cycling of thiosemicarbazone copper compounds, it has to be kept in mind that the xanthine/xanthine oxidase assay is performed without addition of NAC or AA [46] . Moreover, if the generated H 2 O 2 is produced by dismutation of O 2 Á-, the question of the source of O 2 Á-production arises. To determine whether the copper complexes are able to produce the necessary superoxide radicals upon reduction by NAC (or AA), NBT was used as an O 2 Á--detecting agent (without xanthine/xanthine oxidase). As shown in Figs. 11 and S10, distinct formation of O 2 Á-was detected in the samples containing copper complexes with NAC, and this formation was inhibited by cotreatment with natural SOD (Fig. S10) . In contrast, without NAC or in the presence of AA, no significant formation of O 2 Á-was found. Together with the H 2 O 2 generation, this indicates that in the presence of NAC, the copper complexes tested generate O 2 Á-, which is then further dismutated to the membrane-permeable H 2 O 2 , leading to intracellular oxidative stress.
Conclusions
Generation of ROS based on the reduction of copper(II) to copper(I) by intracellular reducing agents has so far been The influence of pretreatment with 2 mM NAC or 50 lM AA on the intracellular ROS levels in HL60 cells after incubation with the copper complexes (25 lM) was determined using the ROS indicator DCF-DA. Fluorescence was measured by flow cytometry. One representative experiment of three giving comparable results is shown. Significant differences were calculated by Student's t test: two asterisks p \ 0.01 assumed to be the major mode of action underlying the anticancer activity of copper(II) complexes [9, 25, [27] [28] [29] [30] [31] [32] [33] .
In accordance, also in our study addition of the GSH precursor NAC drastically increased the anticancer activity of the copper(II) complexes investigated. However, several of our observations indicate that reductant-induced intracellular redox cycling does not dominate the anticancer activity of copper complexes: (1) although potent ROS generation was induced by NAC co-incubation, single treatment with Cu-Triapine, Cu-APTSC, or Cu-FTSC at IC 50 levels did not induce significant intracellular DCF-DA fluorescence (Fig. 5) ; (2) cells with significantly enhanced intracellular GSH levels (A2780cis cells) did not show increased sensitivity to treatment with the copper complexes (Table 3) ; and (3) the presence of extracellular catalase strongly protected cells from reductant-induced copper-complex-mediated oxidative stress and cell death (Fig. 10) . Consequently, our data suggest that the frequently reported thiol-induced redox cycling of copper(II) complexes occurs predominantly in the extracellular space. The proposed reaction scheme is Cu-FTSC and Cu-BPYTA suggests that these compounds are able to be reduced by O 2 Á-, which is in contrast to
Cu-Triapine and Cu-APTSC. These differences in the redox activity might be responsible for the observed intracellular ROS generation by high concentrations of Cu-FTSC and Cu-BPYTA in single treatments (see Fig. 5 ). Owing to the lower redox potential, Cu-Triapine and Cu-APTSC are probably not reduced by O 2 Á-under physiological conditions and need stronger reductants for H 2 O 2 generation. On the basis of our experiments on living cells, we conclude that the intracellular milieu present under cell culture is not sufficient to allow significant redox cycling and ROS generation, especially in the case of Cu-Triapine and Cu-APTSC. Consequently, the assumed mode of action for copper compounds based on thiol-induced intracellular ROS generation urgently needs further investigations and probably reformulation of the proposed mechanisms. Although the similarity in IC 50 values between the complex and the metal-free ligand indicates that both might share the same mode of action, preliminary data (e.g., in the case in Cu-BPYTA [11] ) indicate that not ROS, but other redoxdependent mechanisms underlie the anticancer activity of the copper complexes, which is distinctly different from that of the metal-free ligands. The investigation of this issue is the subject of ongoing studies. In general, on the basis of the strong differences in the cellular redox balance between cancer and nonmalignant cells, the redox activity of copper complexes opens the opportunity for targeting cancer cells. Additionally, this might be further enhanced by targeting strategies (e.g., via albumin binding) to increase the selective accumulation of the compounds in the malignant tissue. Furthermore, the redox activity of the copper complexes can be tuned to selectively target the hypoxic tumor environment, as already shown for copper(II)-containing radiopharmaceuticals. 
